The present study was performed to compare haemodynamic variables at baseline and the incidence of ventricular brillation during the early phase of ischaemia in swine during pentobarbital or medetomidine-ketamine-fentanyl anaesthesia. Twenty-two swine (mean ± SD: 29 ± 3 kg) were anaesthetized with sodium pentobarbital (induction with 36 mg/kg intraperitoneally, and maintenance with 5-20 mg/kg/h intravenously [i.v.]) and 6 swine (27± 3 kg) were anaesthetized with ketamine and fentanyl (premedicated with medetomidine 0.1 mg/kg and ketamine 10 mg/kg intramuscularly, induction with ketamine 20 mg/kg and fentanyl 0.025 mg/kg i.v., and maintenance with ketamine 20 mg/kg/h and fentanyl 0.025 mg/kg/h i.v.). After a stabilization period of 30 min, the left anterior descending coronary artery (LAD) was occluded for 10 min. Haemodynamic data and occurrence of ventricular brillation were recorded. The ischaemic area was measured by uorescing microspheres. Swine anaesthetized with medetomidine-ketamine-fentanyl had signi cantly lower heart rate, myocardial contractility, peak left ventricular pressure, arterial blood pressure, aortic blood ow, myocardial blood ow and cardiac index at baseline, than swine anaesthetized with pentobarbital. Whereas none of the swine anaesthetized with pentobarbital brillated during the LAD occlusion, ventricular brillation occurred in 83% of the animals anaesthetized with medetomidine-ketamine-fentanyl (P , 0.001). No signi cant difference was found in size of ischaemic area between the two groups. Thus, we show a depression in haemodynamic variables at baseline and a higher incidence of ventricular brillation during the early phase of ischaemia in swine anaesthetized with medetomidine-ketamine-fentanyl compared to swine anaesthetized with pentobarbital.
cardiovascular studies (Holzgrefe et al. 1987) . This agent possesses a cardiodepressive effect (Priano et al. 1969 , Sawyer et al. 1971 , Bailie et al. 1979 , Namba et al. 1994 , with increased re ex pressoreceptor activity (Manders & Vatner 1976) , and an antiarrhythmic effect (Hoffmeister et al. 1958 , Laforet et al. 1958 , Olichney & Modell 1958 , Dawson et al. 1980 , Hunt & Ross 1988 . Because these effects are dosedependent (Nattel et al. 1990 , Namba et al. 1994 , the smallest dose to achieve general anaesthesia is usually chosen. However, this may be unethical since pentobarbital has no analgesic effect (Haddad & Winchester 1998) in the case of awakening during painful interventions. An ideal anaesthetic drug for cardiovascular research should induce analgesia, amnesia, skeletal muscle relaxation and loss of consciousness. The drug should also possess a wide margin of safety and be devoid of adverse effects. However, no known single drug has all these effects without some disadvantages when used alone (Trevor & Miller 1998) . The term 'balanced anaesthesia' refers to the use of a combination of drugs, such that the advantages of small amounts of drugs are gained without having to contend with the disadvantages of large doses of any one drug (Ilkiw 1999) .
The present study was performed to compare a 'balanced anaesthesia' regimen of medetomidine, ketamine and fentanyl with pentobarbital anaesthesia. Medetomidine, a potent alpha 2-adrenoceptor agonist that produces sedation and analgesia (Cullen 1996) and ketamine that produces dissociative anaesthesia characterized by catatonia, amnesia, and analgesia (Trevor & Miller 1998) , were given as premedication. Ketamine, which does not provide adequate analgesia as a sole agent for major surgical procedures (Smith et al. 1997) , was combined with the opioid fentanyl (Smith et al. 1997) for induction and maintenance of anaesthesia. Haemodynamic variables and the incidence of ventricular brillation during the early phase of ischaemia, common endpoints in cardiovascular research, were measured. Swine were used because the use of this species in cardiovascular research has increased substantially in recent years (Swindle et al. 1988 ). Furthermore, they have few native collaterals (White & Bloor 1981) and it is therefore not necessary to incorporate collateral ow as a covariate in the analysis of ventricular brillation. The analysis of ventricular brillation was restricted to 10 min of ischaemia (the early phase of ischaemia [Verdouw & Hartog 1986 , Sedlis 1992 ), because myocardium subjected to 10 min of ischaemia does not develop irreversible cell injury (Pich et al. 1988) . Accordingly, myocardial infarction as a confounder in the analysis of ventricular brillation was avoided.
Materials and methods
Data from three studies (Grund et al. 1997 , Grund et al. 1999 , Tjomsland et al. 2000 performed during the same time interval were analysed to compare baseline haemodynamics and the incidence of ischaemia-induced ventricular brillation during pentobarbital or medetomidineketamine-fentanyl anaesthesia in swine.
Only data from animals that underwent comparable surgery performed by the same investigators and that were randomly allocated to comparable experimental protocols (stabilization and coronary occlusion, see below) were included. Strasbourg 1985) and were approved by the local ethics committee.
Animal preparation and experimental procedure
Twenty-eight landrace swine of either sex were fed twice daily with a standard commercial young swine feed and housed under controlled lighting (14/10), temperature (20 ± 1û C), and humidity (50 ± 10% RH) for at least 5 days before the experiments. Feed was withdrawn (water ad libidum) 12 h before the animals were subjected to the surgical procedure. They were anaesthetized and ventilated through a tracheostoma with a volume-regulated ventilator. Twenty-two swine (29 ± 3 kg) received sodium pentobarbital (induction with 36 mg/kg intraperitoneally, and maintenance with 5-20 mg/kg/h i.v. according to the depth of anaesthesia [13 ± 3 mg/kg/h]), and six swine (27± 3 kg) received ketamine and fentanyl (premedicated with medetomidine 0.1 mg/kg and ketamine 10 mg/kg intramuscularly, induction with ketamine 20 mg/kg and fentanyl 0.025 mg/kg i.v., and maintenance with ketamine 20 mg/kg/h and fentanyl 0.025 mg/kg/h i.v.). The dosage of pentobarbital was according to well-known recommendations for swine in animal research (Swindle & Smith 1994 , Smith et al. 1997 . The drug combination and dosages for the balanced anaesthetic regimen were recommended by scientists at the Norwegian School of Veterinary Science. This recommendation was based on a consensus meeting regarding ketamine anaesthesia in swine (Boschert et al. 1996) . The level of anaesthesia was regularly assessed by the lid re ex and by the response to nociceptive stimuli (clamping of the interdigital fold with atnosed forceps). Ventilation frequency and volume were adjusted to keep arterial pCO 2 and pH within normal ranges (Hannon et al. 1990) . Two persons regulated the ventilator when medetomidine-ketamine-fentanyl was given, whereas only one of these persons did so when pentobarbital was given. Arterial oxygen saturation was kept 95%. A cannula was placed in one of the ear veins for administration of the drugs. Polyethylene catheters were placed in the right femoral vein for administration of uid (0.9% NaCl, 18 ml/kg/h), and in the right femoral artery for blood sampling and pressure recording. The heart was exposed through a midsternal split and suspended in a pericardial cradle. A 4 -5 mm long segment of the LAD, distal to the rst diagonal branch, was isolated to facilitate occlusion with a May eld clip. When the clip was not applied, coronary blood ow was measured with a transit time ow probe at this place. Body temperature was monitored by a rectal thermometer and maintained constant by wrappings and a homeothermic blanket system unit (#50-7103 Harvard Homeothermic Blanket System, South Natick, MA, USA). Urine was drained continuously through a cystostoma. After completion of the surgical preparation, all animals were allowed a stabilization period of 30 min before LAD was occluded for at least 10 min.
Haemodynamic measurements
A microtip pressure transducer catheter (Millar Instruments, Houston, TX, USA) was introduced into the left ventricle through the right carotid artery to measure left ventricular (LV) pressure and the contractility parameter LVdP/dt max (maximal positive value of the rst derivative of LV pressure). An electromagnetic ow probe was placed around the ascending aorta and connected to a square wave electromagnetic owmeter (model 376; Nycotron, Drammen, Norway). Arterial blood pressure was measured by a Statham pressure transducer (model P23 Gb; Gould Instruments, Hato Rey, Puerto Rico). Coronary blood ow was measured by transit time owmetry (T208; Transonic Systems Inc., NY, USA).
Haemodynamic variables were continuously recorded on an eight-channel galvanometric recorder (model 7758 B; Hewlett-Packard, Medical Products Group, Andover, MA, USA). Immediately before the LAD occlusion, when higher resolution of data was required, the output of the recorder was sampled at 100 Hz, and the signals were transformed by an analog-todigital converter and stored on oppy disks. Computer samplings of haemodynamic variables were obtained at end-expiration, and values from 4 to 6 consecutive beats were averaged by the computer.
Ventricular brillation
Cardiac rhythm was recorded with a twochannel tape recorder (Oxford Medilog 4500). Occurrence of ventricular brillation was analysed by using the Oxford Medilog Exel 2.0 device (Holter Managment System, Oxford Instruments, UK). Time to ventricular brillation during ischaemia was recorded, as was the number of animals developing ventricular brillation. Ventricular brillation was de ned as uncoordinated depolarization with a frequency of 400-600 per min, grossly irregular rhythm, absence of distinct QRS-complexes in the electrocardiogram (Zipes 1997) , and haemodynamic collapse.
Ischaemic area
The animals were killed by intracardial KCl injection and the heart excised. Thereafter, the aorta was cannulated and the coronary vasculature perfused with 800 ml of 0.9% saline to remove the blood in the vascular tree. A ligature was placed around the LAD at the occlusion site and 100 ml of a suspension with 2 mg zinc-cadmium sulphide particles (1-10 m in diameter; Duke Scienti c, Palo Alto, CA) per ml isotonic saline was infused into the aortic root at a pressure of 100 mmHg. Both atria were then removed and the ventricles moulded in 2% agarose at 37°C and cooled in a refrigerator. After the agarose gelled, the ventricles were cut parallel to the atrioventricular groove into about 7 mm thick slices. The slices were cleaned of agarose, weighed, and placed between two glass slides to a uniform thickness. The ischaemic areas were demarcated by the absence of uorescence under UV light. The regions on both sides of the slices corresponding to the ventricles and the ischaemic areas were traced directly on acetate sheets, and planimetry was performed on a digitizing tablet (Videoplan 2, Kontron electronics, Germany). The weights of the ischaemic areas were calculated by multiplying the average fractions of ischaemic areas for each slice with the slice weight and summing the products. Total weight of the ischaemic area was expressed as a percentage of ventricular weight.
Estimation of cardiac index
Cardiac index was estimated by the formulas:
Cardiac index (l/min/kg) where cardiac output (l/min) aortic ow (l/min) total myocardial ow (l/min), and Total myocardial ow (l/min)
Statistical analysis
Data are expressed as group mean ± standard deviation (SD). An unpaired two-sided t-test was applied to compare haemodynamic variables, pCO 2 , pH, haematocrit, body temperature and size of ischaemic area between the two groups. Comparison of the incidence of ventricular brillation was performed by Fisher's exact test. A value of P 0.05 was considered statistically signi cant.
Results

Level of anaesthesia
No response to nociceptive stimuli was found in the medetomidine-ketaminefentanyl anaesthetized swine during maintenance of anaesthesia. In pentobarbital anaesthetized swine the infusion rate of pentobarbital had to be adjusted several times to avoid response to nociceptive stimuli and to minimize haemodynamic effects. The lid re ex was neither present in medetomidine-ketamine-fentanyl anaesthetized swine nor in pentobarbital anaesthetized swine.
Haemodynamics
Haemodynamic data recorded immediately before the LAD occlusion are presented in Table 1 . Medetomidine-ketaminefentanyl anaesthetized swine had signicantly lower heart rate, mean arterial pressure, peak left ventricular systolic pressure, LVdP/dt max , aortic ow, LAD ow, myocardial blood ow and cardiac index than swine anaesthetized with pentobarbital.
Retrospective analysis revealed that animals anaesthetized with medetomidineketamine-fentanyl were ventilated to a lower arterial pCO 2 and a slightly higher arterial pH than pigs anaesthetized with pentobarbital (5.2 ± 0.3 versus 6.2 ± 0.5 kPa, P 0.001 and 7.45 ± 0.02 versus 7.41 ± 0.02, P 0.001, respectively). No signi cant difference was found in haematocrit before the LAD occlusion between pentobarbital and medetomidine-ketamine-fentanyl anaesthetized swine (30 ± 3% and 32 ± 3%, respectively). Nor was any signi cant difference found in body temperature before the LAD occlusion between pentobarbital and medetomidine-ketamine-fentanyl anaesthetized swine (38.2 ± 0.5°C and 38.6 ± 0.5°C, respectively). Furthermore, no signi cant difference was found in time from start of the experiment until haemodynamic data were recorded immediately before the LAD occlusion between pentobarbital and medetomidine-ketamine-fentanyl anaesthetized swine (3 h 53 min ± 52 min and 4 h 23 min ± 36 min, respectively).
Ventricular brillation
All animals had a stable sinus rhythm before the LAD occlusion. Whereas none of the swine anaesthetized with pentobarbital brillated during the LAD occlusion, ventricular brillation occurred in 5 of 6 (83%) of the swine anaesthetized with medetomidineketamine-fentanyl (P 0.001). Time to ventricular brillation after LAD occlusion among medetomidine-ketamine-fentanyl anaesthetized swine was 4 ± 1 min.
Ventricular brillation was usually preceded by ventricular tachycardia and ventricular utter (Fig 1) . No signi cant difference was found in body temperature during the LAD occlusion between pentobarbital and medetomidineketamine-fentanyl anaesthetized swine (38.2 ± 0.5°C and 38.6 ± 0.5°C, respectively).
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Grund et al. Due to the high occurrence of VF in medetomidine-ketamine-fentanyl anaesthetized swine, insuf cient data were obtained to compare occurrence of arrhythmic beats or haemodynamics between the two groups during LAD occlusion.
Ischaemic area
No signi cant difference was found in area at risk between pentobarbital and medetomidine-ketamine-fentanyl anaesthetized swine, either when analysed in grams (31 ± 7 g versus 28± 8 g, respectively) or as a percentage of ventricular weight (22 ± 4% and 18 ± 4%, respectively).
Discussion
The present study shows a depression in haemodynamic variables in swine premedicated with medetomidine-ketamine and anaesthetized with ketamine-fentanyl compared to swine anaesthetized with pentobarbital. Furthermore, swine anaesthetized with the balanced regimen showed a higher incidence of ventricular brillation during the early phase of ischaemia compared to swine anaesthetized with pentobarbital. The balanced anaesthetic regimen produced deep analgesia and depressed cardiac function throughout the experiment compared to pentobarbital, which is known to possess cardiodepressive effects in anaesthetic dosages (Priano et al. 1969 , Sawyer et al. 1971 , Manders & Vatner 1976 , Bailie et al. 1979 , Namba et al. 1994 . Pentobarbital also induced cardiovascular depression when compared to haemodynamic data in resting conscious swine (Hannon 1986 ). All haemodynamic variables measured (heart rate, mean arterial pressure, peak left ventricular systolic pressure, LVdP/dt max , aortic ow, LAD ow, myocardial blood ow and cardiac index) were lower in animals premedicated with medetomidine-ketamine and anaesthetized with ketamine-fentanyl compared to animals anaesthetized with pentobarbital. The cardiovascular depression could not be due to alkalosis or acidosis because arterial pH was kept within a normal range (Hannon et al. 1990 ). The reduced haemodynamic state was most likely due to the anaesthetic doses of ketamine-fentanyl, rather than premedication with medetomidine-ketamine. Although medetomidine and ketamine in combination is known to induce haemodynamic depression (Vainio et al. 1992 , Smith et al. 1997 , cardiovascular changes caused by this drug combination are rather short-lived when used as premedication. According to Vainio et al. (1992) , cardiovascular changes caused by medetomidine-ketamine, in a bolus-dose suf cient to cause deep sedation, will return to control levels within 2 h in minipigs. In the present study, a lower medetomidineketamine dose was given and recordings were obtained more than 3 h 45 min after premedication. However, a confounding cardiodepressive effect resulting from the premedication when followed by ketaminefentanyl cannot be excluded.
Although all anaesthetics have been reported to depress myocardial contractility to a variable extent (Rusy & Komai 1987) , both ketamine and fentanyl are known to be safe anaesthetics with only minimal depression on the cardiovascular system (Smith et al. 1997) . However, compared with pentobarbital, the present study shows a profound cardiovascular depression resulting from the combination of medetomidine, ketamine and fentanyl. Ketamine has been shown to cause severe cardiovascular depression in hypovolemic swine (Bogetz et al. 1982) . However, hypovolemia cannot explain our ndings as all animals had free access to water before the experiment, they received uid replacement during the experiment, and the haematocrit remained within a normal range (Hannon et al. 1990) .
We evaluated the anaesthetic depth by both the lid re ex which disappears at light anaesthesia and the response to clamping of the inter-digital fold which is either slightly or completely absent in deep anaesthesia (Boschert et al. 1996) . No lid re ex could be elicited in any swine after induction of anaesthesia. Furthermore none of the animals that received balanced anaesthesia responded to our nociceptive stimulus.
However, swine that were subjected to pentobarbital uctuated between no response and a slight response according to the infusion rate of pentobarbital. The constant infusion rate of ketamine and fentanyl provided a standardized and easily reproducible anaesthetic regimen. However, to provide adequate analgesia, the anaesthetic depth with this regimen had to be more profound than during titrated anaesthesia with pentobarbital. Accordingly, the two anaesthetic regimens investigated in the present study could not be compared at similar anaesthetic levels. In order to maintain anaesthesia by a constant infusion rate of ketamine and fentanyl, a rather high dose of ketamine was used. Although the chosen dose of ketamine was in accordance with published recommendations (Boschert et al. 1996) , the animals that received balanced anaesthesia may actually have been in too deep an anaesthesia. Because clinical experience suggests that jaw clamping in response to stimulation of the nasal septum is a more sensitive indication of anaesthetic depth than clamping of the inter-digital fold (Boschert et al. 1996) , future studies that require major surgery should include nasal septum stimulus in order to improve the evaluation of anaesthetic depth.
Like pentobarbital, both ketamine and fentanyl are known to possess antiarrhythmic effects (Hoffmeister et al. 1958 , Laforet et al. 1958 , Olichney & Modell 1958 , Dawson et al. 1980 , Thurmon & Tranquilli 1986 , Hunt & Ross 1988 , Smith et al. 1997 . However, in the present study, swine anaesthetized with medetomidineketamine-fentanyl showed a substantially higher incidence of ischaemia-induced ventricular brillation than swine anaesthetized with pentobarbital. This nding cannot be ascribed to differences in known determinants of ischaemia-induced ventricular brillation such as pre-ischaemic heart rate (Wainwright & Parratt 1993) , body temperature (Mouritzen & Andersen 1966 , Mortensen et al. 1993 , size of ischaemic area (Verdouw & Hartog 1986) , collateral blood ow (Yoshida & Downey 1986 , von Mutius et al. 1988 , and arterial pH (Dong et al. 1967) . A positive correlation between pre-ischaemic heart rate and occurrence of VF during ischaemia has been shown in swine (Wainwright & Parratt 1993) . Since pre-ischaemic heart rate was lower among medetomidine-ketaminefentanyl anaesthetized animals than among pentobarbital anaesthetized animals, pre-ischaemic heart rate could not contribute to an increased incidence of ventricular brillation. Pre-ischaemic heart rate should, on the contrary, reduce the incidence of ventricular brillation in animals anaesthetized with medetomidineketamine-fentanyl. With regard to body temperature and size of ischaemic area, no difference of statistical signi cance was found. As swine have few native collaterals (White & Bloor 1981) , it is not necessary to incorporate collateral ow as a covariate in the analysis of ventricular brillation. Acidosis has been shown to increase the propensity for ventricular brillation (Dong et al. 1967 ). In the present study a lower arterial pCO 2 and a higher arterial pH were found in animals anaesthetized with medetomidine-ketamine-fentanyl than in animals anaesthetized with pentobarbital. These differences may re ect some confounding bias because two persons regulated the ventilator when medetomidineketamine-fentanyl was given whereas only one of these persons carried out this regulation when pentobarbital was given. Since arterial pH was higher in medetomidineketamine-fentanyl anaesthetized animals than in pentobarbital anaesthetized animals, differences in pH could not contribute to an increased incidence of ventricular brillation. The reason why medetomidineketamine-fentanyl caused more ventricular brillation than pentobarbital cannot be elucidated from our study. However, when compared with published data on occurrence of ischaemia-induced ventricular brillation in conscious swine (Skinner et al. 1975 , Kirby et al. 1997 , the medetomidineketamine-fentanyl combination may have been seen to be pro brillatory, but whether this is indeed so remains to be investigated.
The anaesthetic regimen with medetomidine-ketamine-fentanyl resulted in a high incidence of ventricular brillation during coronary occlusion. Because most cardiovascular experiments performed at our institute focus on ischaemic tolerance against necrosis, in which ventricular brillation is not wanted, the use of medetomidine-ketamine-fentanyl was limited. Accordingly, data from only six swine anaesthetized with medetomidineketamine-fentanyl were available. However, to obtain a high statistical power and to minimize selection bias, all animals that underwent comparable interventions by the same investigators during the same time interval were included in the present study.
Our data further underscore the importance of anaesthesia in animal models of cardiovascular research (Hunt & Ross 1988 , Bardaji et al. 1990 , Haessler et al. 1994 , Rath et al. 1995 , Jasani et al. 1997 . Pentobarbital anaesthesia, which preserves cardiovascular function better than medetomidine-ketamine-fentanyl anaesthesia, would be more advisable when the purpose is to evaluate interventions for cardiodepressive effects. However, medetomidine-ketamine-fentanyl anaesthesia, which maintain a lower threshold for ventricular brillation would be more advisable when the purpose is to evaluate interventions for antiarrhythmic effects.
